XAB2 is a multi-functional protein participating processes including transcription, splicing, DNA repair and mRNA export. Here, we report POLR2A, the largest catalytic subunit of RNA polymerase II, as a major target gene down-regulated after XAB2 depletion. XAB2 depletion led to severe splicing defects of POLR2A with significant intron retention. Such defects resulted in substantial loss of POLR2A at RNA and protein levels, which further impaired global transcription. Treatment of splicing inhibitor madrasin induced similar reduction of POLR2A. Screen using TMT-based quantitative proteomics identified several proteins involved in mRNA surveillance including Dom34 with elevated expression. Inhibition of translation or depletion of Dom34 rescued the expression of POLR2A by stabilizing its mRNA. Immuno-precipitation further confirmed that XAB2 associated with spliceosome components important to POLR2A expression. Domain mapping revealed that TPR motifs 2-4 and 11 of XAB2 were critical for POLR2A expression by interacting with SNW1. Finally, we showed POLR2A mediated cell senescence caused by XAB2 deficiency. Depletion of XAB2 or POLR2A induced cell senescence by upregulation of p53 and p21, re-expression of POLR2A after XAB2 depletion alleviated cellular senescence. These data together support that XAB2 serves as a guardian of POLR2A expression to ensure global gene expression and antagonize cell senescence.
INTRODUCTION
Gene expression is a fundamental and highly complex process that includes many steps, such as transcription, RNA splicing, RNA export, RNA degradation, translation and protein degradation (1) . Regulation of gene expression is critical to a wide variety of core biological processes, such as cellular senescence (2) , reprogramming (3), differentiation (4) , stress responses (5), tissue homeostasis (6) and immunity (7) .
In eukaryotes, the transcription of all mRNAs as well as several noncoding RNAs, including some snRNAs, snoRNAs, siRNAs and all miRNAs, is achieved by RNA polymerase II (pol II) (8) . RNA pol II consists of twelve subunits in humans, while the largest and catalytic subunit is called POLR2A, also known as RPB1. The human POLR2A gene is located on chromosome 17p13.1, encoding a protein of 1970 amino acids with an apparent molecular weight of 220 kDa, and contains a C-terminal domain (CTD) of 52 heptapeptide repeats (YSPTSPS) that are essential for its polymerase activity (8) (9) (10) . CTD modifications, such as phosphorylation of Ser2 and Ser5, has been studied extensively, which occur dynamically during various steps of transcription, including initiation, pausing, elongation, and termination (8) (9) (10) . It is now well established that POLR2A, particularly its CTD domain, plays a key role in coordinating transcription with co-transcriptional events such as mRNA processing, thereby regulating gene expression (8) (9) (10) (11) . Therefore, POLR2A is indispensable and its loss will cause dysregulation of gene expression, leading to cell death. Furthermore, it has been reported that POLR2A is significantly down-regulated in Werner syndrome patients or old human donor cells compared with young donor cells based on microarray analysis, indicating a role in cellular senescence (12) . Recurrent somatic mutations in POLR2A can drive meningiomas progression, suggesting that it may play a role in tumorigenesis (13) . Despite the critical role of POLR2A in gene expression and cell function, little is known about its own regulation except for DNA damagedependent or -independent POLR2A degradation mediated by ubiquitination (14) (15) (16) (17) (18) (19) .
Pre-mRNA splicing is an essential RNA processing step in eukaryotic gene expression for genes with introns. Splicing reactions take place in spliceosome, a highly dynamic macromolecular ribonucleoprotein complex composed of five snRNAs (U1, U2, U4, U5 and U6) and numerous proteins (20) . The spliceosome is thought to assemble on premRNAs to carry out intron excision and exon ligation in a distinctly stepwise manner. During the transition of A complex (pre-spliceosome) to B complex (pre-catalytic spliceosome), to B act complex (activated spliceosome), to B* complex (catalytically activated spliceosome), to C complex (step I catalytic spliceosome), to C* complex (step II catalytically activated spliceosome), to post-splicing complex, and to the intron-lariat complex transition, a large number of proteins are involved in spliceosome assembly and activation, such as SR proteins, hnRNP proteins, Prp19-related complex, and the exon junction complex (20) (21) (22) (23) . Therefore, in addition to RNA-protein interactions, protein-protein interactions are anticipated to be widespread and play critical roles in splicing. Although specific role of many spliceosome proteins has been defined, function of many others is still elusive. These proteins are likely involved in coupling the splicing to other processes such as transcription, RNA export, or RNA quality control. As pre-mRNA splicing is important for accurate gene expression, disruption of splicing machinery will lead to multiple cellular abnormalities and human diseases (24) (25) (26) .
Xeroderma pigmentosum group A (XPA)-binding protein 2 (XAB2) is a multifunctional protein involved in transcription (27, 28) , transcription-coupled DNA repair (27, 28) , homologous recombination (29) , pre-mRNA splicing (28) , mRNA export (30) and mitosis (31) . It consists of fifteen tetratricopeptide repeat (TPR) motifs that function in protein-protein interactions and assembly of multiprotein complexes. As a member of Prp19/XAB2 complex (AQR, XAB2, Prp19, CCDC16, hISY1 and PPIE) (28) or the intron-binding complex (AQR, XAB2, CCDC16, hISY1 and PPIE) (32) or Prp19/CDC5L-related complex (33) , XAB2 is identified in the human spliceosomal B (33), B act (34) (35) (36) , C (37), and C* (38,39) complexes required for pre-mRNA splicing. Knockdown of XAB2 in HeLa cells has been reported to inhibit Bcl-x pre-mRNA splicing (28) . Previous study also revealed that XAB2 interacts with RNA polymerase II, especially the hyperphosphorylated form, and plays a role mostly in transcription elongation (27, 28) . Like its ortholog in human, yeast XAB2 protein SYF1 is also identified as a factor involved in pre-mRNA splicing (40) and transcription (41) . In Saccharomyces cerevisiae, SYF1 interacts with THO complex and also mediates the interaction of Prp19 complex with RNA polymerase II via its C terminal domain, thus is recruited to transcribed genes linking transcription to mRNP formation. SYF1 mutation causes lower mRNA levels in vivo and impairs transcription in vitro, indicating that SYF1 is necessary for efficient transcription (41, 42) . In addition, our previous work showed that XAB2 deficiency results in mitotic cell cycle arrest by transcriptional regulation of CENPE (31) , however, detailed mechanism on transcription regulation by XAB2 is still unknown.
Based on our microarray data, POLR2A mRNA was significantly down-regulated after XAB2 knockdown (31) , suggesting that the impact of XAB2 on gene expression may be mediated by POLR2A. In this study, we showed that XAB2 depletion resulted in substantial loss of POLR2A at both mRNA and protein levels. However, the reduction of POLR2A was mostly due to splicing defects in POLR2A pre-mRNA caused by deficiency of XAB2. We further showed that inhibition of translation or Dom34 in mRNA surveillance pathway could at least partially rescue the expression of POLR2A, and TPR domains 2-4 and 11 of XAB2 were critical for maintaining POLR2A expression via the interaction with SNW1. Finally, we provided evidences to support that POLR2A was a major mediator of cellular senescence induced by XAB2 depletion. Taken together, our data indicate that XAB2 maintains correct splicing of POLR2A to govern gene expression and antagonize cellular senescence.
MATERIALS AND METHODS

Constructs and antibodies
To generate the XAB2 plasmid with HA tag in pcDNA5/FRT/TO vector (Invitrogen), previously constructed plasmid containing XAB2 cDNA (31) was used as template in PCR with primers XAB2-HA-HindIII-F and XAB2-XhoI-R, and then inserted into the vector. Fulllength and truncation mutants of human XAB2 constructs resistant to siXAB2-1 were gifts from Stark Lab (29) , and were re-cloned into modified pLVX-TRE3G vector (Clontech, USA) containing HA tag at the 5 end. To generate XAB2 shRNA-1 plasmid, the oligos of XAB2-shRNA-F and XAB2-shRNA-R were annealed and then ligated into pLKO-Tet-On inducible vector (Novartis, Switzerland). POLR2A plasmid in pcDNA3.1/Hygro (+) vector containing HA tag was purchased from You Bio (China). Sequences of all the constructs were confirmed by direct sequencing. Primer sequences are listed in Supplementary  Table S1 .
Rabbit polyclonal antibody against XAB2 (Proteintech, 10637-1-AP, 1:800), Dom34 (Proteintech, 10582-1-AP, 1:3000), SNW1 (Proteintech, 25926-1-AP, 1:1000), SNRNP200 (Proteintech, 23875-1-AP, 1:1000), PLRG1 (Proteintech, 11914-1-AP, 1:1000), PRPF8 (Proteintech, 11171-1-AP, 1:1000), EFTUD2 (Proteintech, 10208-1-AP, 1:1000), AQR (Bethyl, A302-547A, 1:1000), CDC5L (Abcam, ab31779, 1:2000), RNPS1 (GeneTex, GTX129789, 1:1000), P53 (Proteintech, 10442-1-AP, 1:1000), Rabbit monoclonal antibody against POLR2A-CTD (Abcam, ab210527, 1:6000), POLR2A-pSer2 (Abcam, ab193468, 1:5000), POLR2A-pSer5 (Abcam, ab193467, 1:1000), CSTF2T (Abcam, ab138486, 1:1000), p21 (CST, 2947, 1:1000), mouse monoclonal antibodies against POLR2A-NTD (Santa Cruz, sc-17798, 1:800), HA tag (Biolegend, 901501, 1:1000), CPSF7 (Santa Cruz, sc-393880, 1:800), ␣-tubulin (Sigma, 1:8000) were used in western blots. Antibodies for ALY, Prp19, UAP56 and SC35 were gifts from Reed Lab in Harvard Medical School. Antibody against POLR2A-CTD was used in western blot for POLR2A expression in this study unless otherwise indicated. Rabbit monoclonal antibody against POLR2A (Abcam, ab210527, 1:500) was used in immunofluorescence.
Cell culture, inhibitor treatment and RNA interference
HeLa and FRT HeLa cells were gifts from Reed Lab in Harvard Medical School, 293T, MDA-MB-231 and HFF1 cells were purchased from the American Type Culture Collection (USA). All the cells were cultured in DMEM medium supplemented with 10% FBS except for HFF1 with 15% FBS.
To inhibit pre-mRNA splicing, HeLa cells were treated with 30 uM madrasin (MCE) for 24 h. To inhibit translation, HeLa cells were treated with 50 ug/ml cycloheximide (CHX) (MCE) or 10 ug/ml emetine (Merck) for 24 h. For mRNA stability assay, HeLa cells were treated with 5 ug/ml actinomycin D (Act.D) (MCE) to inhibit transcription and then harvested at the indicated time points following addition of Act.D.
siRNA or shRNA mediated gene knockdown were performed as described before (31) . All siRNAs were synthesized by RiboBio (China). Sequences of XAB2 siRNAs and shRNAs were previously reported (31) . XAB2 siRNA-1 and shRNA-1 were used in XAB2 knockdown experiments in this study unless otherwise indicated. The target sequences of siRNAs are listed in Supplementary Table S2 .
Stable cell line
To establish doxorubicin (Dox)-inducible XAB2 knockdown stable cell clone used in Figure 1 , XAB2-shRNA-1-pLKO-Tet-On was transfected into 293T cells together with psPAX2 and pMD2G packaging vectors at a ratio of 2:1:1. Viruses were harvested 48 h after transfection and HeLa cells were infected followed by puromycin selection.
To establish Dox-inducible XAB2 stable cell clone used in Figures 2 and 5 , we used Flp-In T-Rex System based on pcDNA5/FRT/TO vector (Invitrogen) according to the manufacturer's protocol. In brief, FRT-HeLa cells were plated in 12-well plate, co-transfected with 1 ug XAB2-HApcDNA5/FRT/TO and 1 ug pOG44 plasmid using lipofectamine 2000, and then selected by hygromycin.
To establish Dox-inducible XAB2 full-length and truncation mutants stable cell clone used in Figure 6 , lentiviruses containing pLVX-TRE3G-XAB2 and pLVX-Tet3G were produced using Rev/Gag/VSVG packaging system in 293T cells as described before (31) , and transduced into HeLa cells simultaneously in a ratio of 1:1. The infected cells were selected with puromycin and G418.
Immunofluorescence (IF)
Cells were grown in 35 mm cell culture dish with glass bottom (NEST, China), fixed with 4% paraformaldehyde (Sigma) for 30 min, followed by permeabilization with 0.5% Triton X-100 for 10 min at room temperature. Cells were then incubated with primary antibody diluted in PBS with 10% calf serum at 4
• C overnight. DAPI staining was performed after incubation with Alexa-Fluor-488 or Alexa-Fluor-555-conjugated secondary antibodies (Invitrogen) diluted in the same buffer at room temperature for 30 min, images were captured using DMI8 microscope (Leica).
Nascent RNA detection assay
Nascent RNA detection assay was performed using CellLight™ EU Apollo ® 488 In Vitro Imaging Kit (RiboBio, China) according to the manufacturer's protocol. Briefly, cells were grown in 35 mm cell culture dish with glass bottom (NEST, China), incubated with 500 uM ethynyl uridine (EU) in DMEM complete culture medium for 2 h. After EU labeling, cells were fixed with 4% paraformaldehyde (Sigma) for 30 min, permeabilized with 0.5% Triton X-100 for 10 min, and then stained with Apollo 488 at room temperature for 30 min, followed by DAPI staining. Fluorescence was detected using DMI8 microscope (Leica).
RNA-seq
HeLa cells were transfected with control or XAB2 siRNA for 48 h. Total RNA was then purified using TRIzol, treated with DNase I and Ribo-Zero rRNA Removal kit to generate sequencing libraries, and subjected to strandspecific paired-end RNA-seq analyses using Illumina Hiseq X Ten platform by Novogene company (China). We used Integrative Genomics Viewer (IGV) to visualize sequence alignments (43) and junction usage model (JUM) program to identify XAB2-regulated differential alternative pre-mRNA splicing (AS) events (44) . For JUM analysis, RNA-seq reads were aligned to the human reference genome hg19 using STAR 2-pass mode for more accurate junction discovery. Only unique mapped reads were considered in the downstream JUM analysis. Only splice junctions that received more than five reads in each of the replicates of the RNAi and the control knockdown samples were considered as valid junctions. IR events that received more than five reads in the upstream exon-intron and downstream intron-exon boundaries were considered as potential true IR events. A P-value of 0.05 was used as the statistical cutoff for differentially spliced AS events. RNA-seq data have been deposited at the NCBI Gene Expression Omnibus under the accession number GSE130087.
In vitro splicing assay
T7-Ftz reporter minigene was linearized with XhoI, and pre-mRNA was synthesized using T7 RNA polymerase (New England Biolabs) in reaction mixtures containing 32 P-UTP. Nuclear extract from XAB2 overexpression or knockdown HeLa cells was prepared as described before (45) . Following incubation of 32 P-labeled pre-mRNA with nuclear extract under splicing condition for the indicated times, RNA was purified and separated on denaturing polyacrylamide gels.
TMT-based quantitative proteome analysis
HeLa cells were plated in six-well plate and transfected with control or XAB2 siRNA-1 for 48 h. Then cells were harvested and subjected to TMT-based quantitative proteome analysis by Jingjie PTM Biolabs (China). In brief, cell pellets were sonicated in lysis buffer (8 M urea, 1% protease inhibitor cocktail), and the extracted protein was quantified with BCA kit. Then the protein solution was digested with trypsin for two times and labeled with TMT kit (Thermo) according to the manufacturer's instructions. The tryptic peptides were fractionated into 60 fractions by high pH reverse-phase HPLC, combined into 9 fractions, and then analyzed by EASY-nLC 1000 UPLC system and Orbitrap Fusion Lumos mass spectrometer (Thermo). Raw MS files were analyzed using MaxQuant software (version 1.5.2.8). Tandem mass spectra were searched against SwissProt Human database (20,130 protein entries). TMT6plex was specified as fixed modifications, and the false discovery rate was set at 0.01 for both protein and peptide identification. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (46) partner repository with the dataset identifier PXD012552.
Protein immuno-precipitation
FRT HeLa cell line stably expressing HA-tagged XAB2 was generated using Flp-In System (Invitrogen) according to the manufacturer's protocol. To immuno-precipitate XAB2, HA antibody (Biolegend) was crosslinked to protein G Sepharose beads (GE Healthcare) with DMP. The cells were harvested 24 h after Dox induction for nucleocytoplasmic separation to prepare nuclear extract as previous described (45) . Nuclear extract (FRT HeLa nuclear extract as negative control) was incubated under splicing condition at 30
• C for 10 min in the presence or absence of ATP or RNase A. After centrifugation, the supernatant was mixed with PBS/0.1% Triton X-100 buffer and HA antibody-crosslinked beads, and rotated overnight at 4
• C followed by five times washes with PBS/0.1% Triton X-100 buffer. Proteins were then eluted with protein gel loading buffer and separated on SDS-PAGE, followed by silver staining or western blot. For mass spectrometry, total proteins were precipitated with TCA.
Gene enrichment analysis
For gene list enrichment (Gene Ontology and KEGG) analysis, genes were applied to Enrichr web application (http: //amp.pharm.mssm.edu/Enrichr/) (47, 48) .
SA-␤-gal staining
Senescence-associated ␤-galactosidase (SA-␤-gal) was detected using SA-␤-gal Staining Kit (Beyotime, China) following the manufacturer's protocol. Cells were then photographed using Ti-S microscope (Nikon).
Statistics
Data were presented as mean ± SD (standard deviation of the mean). Statistical analyses between two groups were performed using Student's t-test with statistical significance defined as: *P < 0.05, **P < 0.01 and ***P < 0.001.
RESULTS
XAB2 depletion results in POLR2A down-regulation and reduction in nascent transcripts
Previous studies indicated that XAB2 may function in transcription regulation (27, 28) , however, the molecular mechanism underlying remains poorly defined. From our previous microarray data (31), we surprisingly found that XAB2 depletion resulted in dramatic down-regulation of POLR2A mRNA (3.55-fold), the largest catalytic subunit of RNA polymerase II. To verify the result, expression level of POLR2A in HeLa cells was analyzed by RT-PCR after XAB2 depletion using two different siRNAs. As shown in Figure 1A and B, the treatment of XAB2 siRNAs led to significant decrease of XAB2 mRNA as well as POLR2A mRNA. Inducible stable HeLa cell line expressing XAB2 shRNA after Dox induction also showed reduced expression of XAB2 and POLR2A at RNA level ( Figure 1C and  D) . Western blot as shown in Figure 1E -H indicated that XAB2 protein was efficiently depleted in HeLa cells, similarly the level of POLR2A protein was also largely reduced using antibodies against CTD, NTD or phosphorylated POLR2A ( Figure 1E-H) . Furthermore, treatment of XAB2 siRNAs or shRNAs in 293T or MDA-MB-231 cells led to down-regulation of XAB2 and POLR2A at both RNA and protein levels (Supplementary Figure S1A and B) .
Next, IF staining of POLR2A was performed in XAB2 depleted HeLa cells, consistent with the decreased RNA and protein levels of POLR2A, POLR2A IF signal was substantially weakened compared to the control ( Figure 1I) . Interestingly, we also observed altered pattern of SC35 and DAPI staining, with some cells showing collapsed SC35 dots and nuclei, and some cells showing completely rounded and enlarged SC35 dots ( Figure 1I and Supplementary Figure S2) .
To further determine whether down-regulation of POLR2A after XAB2 depletion will have an impact on global transcription, we depleted XAB2 in HeLa cells and analyzed the expression of newly transcribed RNA using fluorescent labeled EU incorporation assay. As shown in Figure 1J , the level of newly transcribed RNA was reduced strikingly after depletion of XAB2. Together, these data pinpointed to a critical role of XAB2 in maintaining the RNA and protein levels of POLR2A and in transcription driven by RNA pol II.
POLR2A mRNA decrease after XAB2 depletion is not due to reduced transcription
To investigate how XAB2 regulates POLR2A expression, we first did time points assay using Dox-inducible XAB2 knockdown stable cell clone. As shown in Supplementary Figure S3 , XAB2 was depleted after 24 h of induction, and POLR2A mRNA was down-regulated at the same time point, while POLR2A protein was not significantly downregulated until 72 h of induction, suggesting that XAB2 knockdown caused dramatic down-regulation of POLR2A mRNA first.
We next tested whether the decrease of POLR2A mRNA is regulated at transcription level. To do this, POLR2A or CENPE promoter reporter was transfected to inducible Nucleic Acids Research, 2019, Vol. 47, No. 15 8245 HeLa cell line expressing shRNA against XAB2, and luciferase activities were assayed after Dox induction. As shown in Supplementary Figure S4A , knockdown of XAB2 resulted in an unexpected increase of luciferase activity for both POLR2A and CENPE promoter at 60 h of induction. Whereas at 72 h of induction, the luciferase activities were lower or close to the control, suggesting that POLR2A mRNA decrease after XAB2 depletion was not due to reduced transcription.
Next, we performed total POLR2A (detected with 8WG16) ChIP on the POLR2A gene using Dox-inducible XAB2 knockdown stable cell clone at 36 h (XAB2 was depleted but POLR2A protein was not down-regulated) and 72 h (POLR2A protein was also down-regulated) of induction respectively (Supplementary Figure S4B) . As shown in Supplementary Figure S4C and D, XAB2 depletion did not decrease the accumulation of total POLR2A at the POLR2A genome including 5 region (promoter), middle region (10EI) and 3 region (E29) at 36 or 72 h of induction. The results suggested that the recruitment of POLR2A to its own gene was not impaired at the time points tested with the level of XAB2 depletion in the assay.
To further investigate whether down-regulation of POLR2A at RNA level induced by XAB2 knockdown is due to reduced transcription or not, we examined the level of POLR2A nascent RNA transcripts after XAB2 depletion. Western blot using specific markers to each fraction indicated clean separation of chromatin from other fractions (Supplementary Figure S4E) . As shown in Supplementary Figure S4F and 4G, XAB2 depletion did not impair the nascent RNA transcripts of POLR2A or its downstream gene MAPK4 at 36 h of induction, however, at 72 h of induction, POLR2A nascent RNA level was still barely changed but MAPK4 was significantly decreased. Together, these data supported that down-regulation of POLR2A mRNA induced by XAB2 depletion was not due to reduced transcription.
XAB2 depletion induces severe splicing defects in POLR2A
Since XAB2 is a Prp19 complex component, we then tested whether down-regulation of POLR2A is due to splicing defects induced by XAB2 depletion. We designed two sets of primers to assay intron retention of POLR2A intron 1 and intron 10 (Figure 2A ), as shown in Figure 2B and C, knockdown XAB2 led to a significant increase of the ratio of unspliced transcripts to spliced transcripts at intron 1 and a moderate increase at intron 10, suggesting severe splicing defects of POLR2A after XAB2 depletion.
We next performed RNA-seq to determine the impact of XAB2 depletion on global transcription and splicing. At transcriptional level, XAB2 depletion using two siRNAs led to decreased expression of a total of 5911 and 5798 (4897 overlapped) genes and increased expression of 5778 and 5298 (4179 overlapped) genes respectively (>1.5-fold, P < 0.05, Supplementary Tables S3 and S4). The results suggested an impact on global transcription after loss of XAB2.
Furthermore, knockdown XAB2 with two different siRNAs resulted in similar increase of reads mapping to exonintron junction regions (from 2.4% in control to 4.1% and 3.9% respectively, Figure 2D ) or intronic regions (from 28.1% in control to 43.8% and 43.1% respectively, Supplementary Figure S5A ). Consistent with RT-PCR results of increased intron retention, reads mapping to many introns including the first intron of POLR2A were substantially raised ( Figure 2E and Supplementary Figure S5B) . In addition, we used JUM program to further analyze global AS events on XAB2 knockdown. As shown in Figure 2F and Supplementary Table S5 and S6, 30,412 significant AS events in siXAB2-1 and 26,406 significant AS events in siXAB2-2 were identified as compared to the control (P < 0.05). Among them, about 50% was intron retention (IR) events. Strikingly, among 15,150 and 13,762 IR events induced by siXAB2-1 or siXAB2-2, 14,691 (97.0%) and 13,362 (97.1%) were increased levels of IR respectively, five of which were verified by RT-PCR ( Supplementary Figure S5C and D) . These results suggested that XAB2 knockdown primarily led to intron retention.
To further confirm the general role of XAB2 in splicing, we performed in vitro splicing assay using T7-Ftz reporter system with nuclear extract from cells overexpressing XAB2 or depletion of XAB2. As shown in Figure 2G and H, 56% of the transcripts were spliced at 90 min when incubated with nuclear extracts from HeLa cells overexpressing XAB2 as compared to 38% of the control. Moreover, only 17% of the transcripts were spliced at 90 min when incubated with nuclear extracts from HeLa cells depleted of XAB2, which showed a sharp decrease as compared to 71% in the control ( Figure 2G and H) . The overexpression and knockdown efficiency of XAB2 were confirmed by western blot (Figure 2I ). These findings indicated that XAB2 played a critical role in splicing and down-regulation of POLR2A after XAB2 depletion was mostly due to severe splicing defects in POLR2A.
Inhibition of splicing by madrasin leads to decreased POLR2A expression and transcription similar to XAB2 depletion
To further determine the outcome of splicing defects in POLR2A, HeLa cells were treated with splicing inhibitor madrasin. RT-PCR and western blot revealed that POLR2A expression was down-regulated at RNA and protein levels ( Figure 3A-D) . The inhibitory effect of madrasin on splicing was verified by RT-PCR as the treatment led to substantial increase of unspliced transcripts ( Figure 3E and F). Consistently, IF staining also supported that madrasin treatment resulted in POLR2A down-regulation ( Figure  3G ). However, SC35 staining was different from what was observed for XAB2 depletion, with some cells also showing rounded and enlarged SC35 dots, however some other cells showing decreased and fainted SC35 dots ( Figure 3G and Supplementary Figure S6) , suggesting the altered pattern of SC35 observed after XAB2 depletion was specific to the function of XAB2. In addition, nascent RNA was markedly decreased after madrasin treatment by EU incorporation assay ( Figure 3H) . Similarly, the expression of POLR2A in 293T or MDA-MB-231 cells was decreased at both RNA and protein levels when treated with madrasin (Supplementary Figure S7 ). These data together supported that splicing defects in POLR2A induced by XAB2 depletion was the major mechanism for decreased expression of POLR2A at RNA level.
Inhibition of translation or depletion of Dom34 restores the expression of POLR2A
To further investigate the mechanism for POLR2A mRNA decay after XAB2 depletion, we first treated XAB2-depleted HeLa cells with CHX to inhibit translation. Strikingly, RT-PCR using two sets of primers specific to POLR2A indicated that CHX treatment after XAB2 depletion fully restored the expression of POLR2A at mRNA level ( Figure 4A and B) . Inhibition of translation with another inhibitor emetine led to similar restoration of POLR2A mRNA ( Figure 4C and D) . Moreover, translation inhibition further decreased POLR2A protein level (Supplementary Figure S8) . Since NMD pathway is a wellknown mRNA surveillance pathway dependent on translation, we tested whether POLR2A RNA decrease caused by XAB2 knockdown depended on NMD pathway. No recovery was observed when XAB2 and UPF1, a key factor in NMD pathway, were co-knockdown ( Supplementary Figure S9) , suggesting other factors were involved.
In an attempt to identify such factors, we performed TMT-based quantitative proteome analysis on HeLa cells after XAB2 depletion. This analysis revealed a total of 703 proteins with significant change in expression (>1.2-fold, P < 0.05). Among them, 243 proteins were up-regulated and 460 proteins were down-regulated (Supplementary Table  S7 ). KEGG analysis indicated that proteins up-regulated were mostly involved in spliceosome, mRNA surveillance pathway, and ribosome biogenesis ( Figure 4E ). Accordingly, a set of proteins involved in the regulation of mRNA surveillance pathway were deregulated ( Figure 4F ), including RNPS1, ALY and Dom34 (PELO), the expression of which were validated by western blot ( Supplementary Figure S10A) . Specifically, knockdown of Dom34 after XAB2 depletion resulted in partial recovery of POLR2A both at Figure 4G and H, Supplementary Figure S10B ) and protein levels ( Figure 4I and J, Supplementary Figure  S10C ). Analysis on mRNA stability revealed that POLR2A mRNA was stabilized after Dom34 knockdown ( Figure 4K and L). Together, these data suggested that inhibition of translation or depletion of Dom34 in mRNA surveillance could recover the expression of POLR2A, at least partially by stabilizing POLR2A mRNA.
mRNA (
XAB2 associates with spliceosome components required for POLR2A expression
To identify proteins interacting with XAB2, we performed immuno-precipitation followed by mass spectrometry. Consistent with previous study (28) , proteins in Prp19 complex including Prp19, CDC5L, AQR, ZNF830, PPIE and ISY1 were enriched (Supplementary Table S8 ). The enrichment of some of these proteins was validated by western blot ( Figure 5A ). Gene Ontology analysis revealed that many of these proteins were closely related to splicing ( Figure 5B ).
To determine if these proteins have a similar impact on POLR2A expression, we treated HeLa cells with siRNA against some of these factors. Depletion of SNRNP200, EFTUD2, SNW1, PRPF8, PLRG1 and AQR also caused a reduction at POLR2A RNA and protein levels, but depletion of Prp19 or CDC5L showed no apparent effect on POLR2A protein expression ( Figure 5C-F) . Together, these results indicated that XAB2 and its interacting proteins were critical for POLR2A expression.
The TPR domains 2-4 and 11 of XAB2 have a crucial role in POLR2A expression
To investigate the domain requirement for XAB2-mediated POLR2A expression, we constructed Dox inducible HeLa cells stably expressing siRNA-resistant full-length human XAB2 or a series of truncation mutants ( Figure 6A ). Dox induction after XAB2 depletion indicated XAB2-WT, Y68 and Q628* could partially recover the expression of POLR2A (Figure 6B-E) . In contrast, Y152, L484* and S554* were not sufficient to rescue POLR2A expression. Interestingly, Y596 could fully rescue POLR2A expression ( Figure 6B-E) . We concluded from this analysis that the TPR domains 2-4 and 11 were the core motifs necessary for XAB2-mediated POLR2A expression, similar with the core XAB2 domains function in genome maintenance (29) . Next, we further examined whether these regions were required for interacting with the proteins identified in Fig 5. As shown in Figure 6F , PLRG1, AQR, Prp19 and CDC5L were only enriched in WT, however, SNW1 was enriched in WT and Y596, suggesting that the interaction of XAB2 with SNW1 via TPR domain 2-4 and 11 may be critical for POLR2A expression.
POLR2A serves as a major mediator for cellular senescence induced by XAB2 depletion
To gain deep insight into the physiological role of XAB2, we checked whether XAB2 could modulate cellular senescence. First, we depleted XAB2 in the human skin fibroblast cell line HFF1, SA-␤-gal staining showed that XAB2 knockdown significantly induced cellular senescence (36.4% and 36.2% in XAB2 siRNA-1 and siRNA-2 transfected cells respectively compared to 3.8% in control, P < 0.001, Figure  7A and B). Furthermore, XAB2 knockdown also resulted in cell cycle arrest in G2/M phase and inhibition of cell proliferation in HFF1 cells (Supplementary Figure S11A and B). Western blot on known regulators of cellular senescence including p53 and p21 indicated that XAB2 depletion led to up-regulation of p53 and p21 ( Figure 7C and D) .
Similarly, depletion of POLR2A in HFF1 cells resulted in striking increase of SA-␤-gal positive cells (49.7% in POLR2A siRNA transfected cells compared to 3.1% in control, P < 0.001, Figure 7E and F). Consistent with XAB2 depletion, POLR2A knockdown led to significant increase of p53 and p21 ( Figure 7G and H) .
To further confirm whether XAB2 regulates cellular senescence via POLR2A, HFF1 cells were treated with XAB2 siRNA-1 followed by over-expression of POLR2A. As shown in Figure 7I and J, over-expression of POLR2A was able to recover the senescent phenotype induced by XAB2 silencing, western blot further revealed that reexpression of POLR2A resulted in moderate decrease of both p53 and p21 ( Figure 7K and L), indicating that POLR2A is a major mediator of XAB2-depletion induced cell senescence.
DISCUSSION
Gene expression is a fundamental cellular process that is essential for life. Although XAB2 has been reported to function in several regulatory processes, such as transcription, pre-mRNA splicing and mRNA export, detailed mechanism on regulation of gene expression by XAB2 remains unclear. In this study, we reported POLR2A as a major target gene down-regulated after XAB2 depletion, XAB2 depletion resulted in substantial loss of POLR2A and triggered cascades on global transcription and cell senescence.
We previously reported that knockdown XAB2 led to cell death, cell cycle blockage and mitotic defects (31) , in an attempt to understand how XAB2 depletion would have such severe impact, we unexpectedly found POLR2A, the largest subunit of RNA pol II, was among the top list of genes down-regulated. We first confirmed that POLR2A was reduced at both RNA and protein levels, with RNA decreased before loss of the protein.
As SYF1, the homolog of XAB2 in yeast, has been reported to interact with RNA pol II and function in transcription elongation (41), we first tested whether decrease in POLR2A at RNA level was due to reduced transcription or not. Surprisingly, luciferase assay of XAB2 depletion showed no decrease on the transcription of POLR2A. Further assay on the enrichment of POLR2A on its own promoter indicated the recruitment of POLR2A was barely affected even when the level of POLR2A protein dropped substantially. Consistently, the nascent POLR2A RNA transcripts remained stable when nascent transcripts of MAPK4 decreased, implying the existence of specific mechanism to maintain POLR2A expression at transcription level. Overall, these evidences favored that the decrease of POLR2A mRNA was not due to reduced transcription.
Several studies reported that knockdown of proteins functioning in pre-mRNA splicing led to reduction of POLR2A. For example, depletion of splicing factor CWC22 caused POLR2A mRNA down-regulation (49), knockdown of splicing factor SF3a induced down-regulation of POLR2A protein in HeLa cells (50) . In SRSF1 or SRSF2-depleted MEFs, Ser2-phosphorylated POLR2A was dramatically diminished, but the total and Ser5-phosphorylated POLR2A showed minor or no reduction (51), the same effect as observed in HeLa cells treated with pre-mRNA splicing inhibitor SSA or Pla-B (52). Consistent with these studies, our results indicated a similar reduction of POLR2A after XAB2 depletion. Furthermore, the decrease of POLR2A is explained by severe splicing defects in POLR2A caused by deficiency of XAB2. Specifically, intron retention at POLR2A intron 1 and intron 10 was detected using primer sets for unspliced pre-mRNA. RNA-seq analysis further supported that XAB2 depletion led to a wide range of splicing defects, with more than 50% events were intron retention. In addition, in vitro splicing assay also indicated XAB2 over-expression promoted splicing, whereas XAB2 depletion inhibited splicing. Based on these results, we conclude that the primary effect of XAB2 depletion is splicing defect, which also explains reduced POLR2A at RNA level at early time points. At late time points of XAB2 depletion, POLR2A protein lost, which should have a significant impact on global transcription and indeed we observed substantial decrease of nascent transcripts using EU incorporation assay. The impact on global transcription was further supported by RNA-seq with a large number of genes showing decreased expression with the other large number of genes showing elevated expression. Consistently, treatment of the cells with splicing inhibitor madrasin led to similar loss of POLR2A and reduction of nascent transcripts. Although it should be noted that madrasin treatment also led to decreased XAB2 level and thus the observed effect of madrasin on POLR2A might be partially due to reduced XAB2 activity.
It has been documented that nuclear speckles may act as assembly/modification/storage/recycling compartments that can provide splicing factors to active transcription sites (53, 54) , and inhibition of transcription (55) or pre-mRNA splicing (50, 56, 57) results in rounded and enlarged nuclear speckles called 'mega-speckles'. Interestingly, our IF staining also showed that nuclear speckles were partially altered to rounded and enlarged shape in XAB2-depleted or madrasin treatment cells, indicating that XAB2 deficiency may induce transcription or pre-mRNA splicing blockage. However, SC35 staining was not exactly the same from what was observed for XAB2 depletion and madrasin treatment, XAB2 knockdown also caused collapsed SC35 dots and nuclei, which might have been due to mitotic defects, and madrasin treatment also resulted in diffuse SC35 staining.
It is surprising to mention that inhibition of translation can restore POLR2A mRNA level, whereas depletion of Dom34 restores POLR2A at both RNA and protein levels, this effect is due to increased stability of POLR2A mRNA. Thus in addition to the splicing defects in POLR2A induced by XAB2 deficiency, the level of Dom34 and other proteins in mRNA surveillance may also have an impact on POLR2A mRNA expression. Previous studies revealed that Dom34 and HBS1 joined exosome-Ski complex to function in non-stop decay (58) and no-go decay (59), our finding implies that Dom34 may also play a critical role in the degradation of correctly processed mRNA, it will be interesting to investigate what is the difference between complexes for normal mRNA degradation and for aberrant RNA decay.
Our previous data showed that XAB2 knockdown led to cell cycle arrest and DNA damage (31), XAB2 was also reported to be down-regulated dramatically in aged hematopoietic stem cells by microarray analysis (60) , suggesting that XAB2 may regulate cellular senescence. In addition, expression of POLR2A is significantly decreased in Werner syndrome patients or old human donor cells com-pared with young donor cells, also implying a role in cellular senescence (12) . Therefore, we tested the possibility that XAB2 regulates cellular senescence via POLR2A. Indeed, SA-␤-gal staining indicated that both XAB2 and POLR2A depletion led to dramatic cellular senescence in human skin fibroblast HFF1 cells. Western blot further showed that the expression of p53 and p21 was apparently increased after XAB2 knockdown. This observation is consistent with previous studies that senescence induced by DNA-damage is usually manifested as activated p53 and its downstream target p21 (61, 62) . Strikingly, XAB2 knockdown followed by POLR2A over-expression rescued the senescent phenotype caused by XAB2 depletion, which supports POLR2A as the key mediator of cell senescence induced by XAB2 depletion. Since cellular senescence has been associated with aging and age-related diseases (63) , it will be interesting to investigate whether XAB2/POLR2A pathway can serve as new markers or therapy targets for aging or age-related diseases.
Based on these data, we propose a model for the role of XAB2 in gene expression (Figure 8 ). At the deficiency of XAB2, splicing of many genes including POLR2A goes wrong which leads to reduction of POLR2A. Loss of POLR2A triggers deregulation of overall gene expression and promotes senescent phenotype, so abundant XAB2 is critical in maintaining correct splicing of POLR2A to govern global gene expression and antagonize cell senescence.
While the current study expands our understanding of how XAB2 is involved in gene expression, it raises more interesting questions for future investigation. Detailed function of XAB2 in splicing remains to be dissected, common features of introns with retention are still elusive. Further study will also be needed to gain deep insight into how Dom34 or other proteins in mRNA surveillance function in POLR2A mRNA degradation. Finally, it is fascinating to explore whether POLR2A plays a more general role in different types of senescence or causes human diseases at its deficiency.
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